CD8 + T lymphocyte responses are a critical arm of the immune response to respiratory virus infection and may play a role in the pathogenesis of interstitial lung disease. We have shown that CD8 + T cells induce significant lung injury in the absence of virus infection by adoptive transfer into mice with alveolar expression of a viral transgene. The injury is characterized by the parenchymal infiltration of host cells, primarily macrophages, which correlates with physiologic deficits in transgenic animals. CD8 + T cell-mediated lung injury can occur in the absence of perforin and Fas expression as long as TNF-α is available. Here, we show that the effect of TNF-α expressed by CD8 + T cells is mediated not exclusively by cytotoxicity, but also through the activation of alveolar target cells and their expression of inflammatory mediators. CD8 + T cell recognition of alveolar cells in vitro triggered monocyte chemoattractant protein-1 (MCP-1) and macrophage inflammatory protein-2 (MIP-2) expression in the targets, which was mediated by TNF-α. Antigen-dependent alveolar MCP-1 expression was observed in vivo as early as 3 hours after CD8 + T cell transfer and depended upon TNF-R1 expression in transgenic recipients. MCP-1 neutralization significantly reduced parenchymal infiltration after T cell transfer. We conclude that alveolar epithelial cells actively participate in the inflammation and lung injury associated with CD8 + T cell recognition of alveolar antigens.
Introduction
CD8 + T lymphocyte responses represent an important arm of adaptive antiviral immunity. The mechanisms employed by these cells in viral clearance include both cytolytic and noncytolytic effector functions (1) (2) (3) . Although respiratory dysfunction frequently accompanies respiratory virus infection, the relative contribution of the virus infection itself and the CD8 + T cell antiviral effector activities account for lung injury in this context is unclear. CD8 + T cells accumulate in the lung parenchyma in a variety of inflammatory and interstitial lung diseases, but the nature of their specific contribution to lung injury is also unclear (4) (5) (6) (7) (8) (9) . We have developed a model to examine the specific effects of CD8 + cytolytic T cells on lung injury, in the absence of virus infection. Activated antiviral T cells induce significant pulmonary inflammation and injury after adoptive transfer into transgenic animals expressing a viral antigen, influenza hemagglutinin (HA), on alveolar epithelial cells and in the absence of virus infection (10, 11) . The injury results in considerable respiratory dysfunction and eventual death in a time frame that depends upon cell dose. We also demonstrated that CD8 + T cell-mediated lung injury occurs in the absence of perforin and Fas, but neutralizing Ab to TNF-α completely abrogates lung injury that occurs in the absence of both mediators (12) . In vitro, alveolar epithelial-derived cells are sensitive to the cytotoxic effects of perforin and TNF-α expressed by CD8 + T cells but are insensitive to induction of apoptosis by Fas ligand, despite expression of functional Fas (12) . These cells are also significantly less susceptible to cytolysis induced by soluble TNF-α than by TNF-α expressed by T lymphocytes (12) .
CD8 + T cells predominantly express a transmembrane form of TNF-α (13) (14) (15) , which may initiate injury through direct cytotoxic effects on alveolar epithelial cells. This may contribute to the observed respiratory dysfunction that evolves in HA-transgenic recipients. However, the inflammatory infiltration that ensues 3 to 4 days after adoptive transfer into HAtransgenic recipients consists largely of neutrophils, host lymphocytes, and (predominantly) activated macrophages; it is the presence of large numbers of these cells that correlates most strongly with the profound respiratory impairment observed after T cell transfer (11) . Since TNF-α (in its soluble form) is known to induce expression of a variety of inflammatory mediators in respiratory epithelial cells (16) (17) (18) , we hypothesized that there may be a noncytotoxic component of the effect of TNF-α in injury after T cell transfer. There are several chemokines that might participate in the recruitment of mononuclear phagocytes, and most have a number of cellular sources (19) (20) (21) . In addition to the transferred T cells, a potential source of these chemokines may be the alveolar epithelium, triggered by T cell-receptor recognition and engagement, either individually or as a population. In this study we show that alveolar epithelial cells are triggered as a result of specific CD8 + T cell-antigen recognition to express the inflammatory chemokines monocyte chemoattractant protein-1 (MCP-1) and macrophage inflammatory protein-2 (MIP-2) and show that this induction is mediated by TNF-α. In particular, MCP-1 appears to play a major role in the parenchymal infiltration that ensues after T cell transfer. In addition we present evidence that MCP-1 expression by alveolar epithelium may occur as a result of direct induction as well as bystander activation, both of which are dependent upon specific antigen recognition by the T cell.
Methods
T lymphocyte clones. CD8 + T cell clones, specific for the 210-219 epitope of A/Japan/57 HA were used in these experiments and were generated by limiting dilution, as described previously (22) . They were restimulated weekly in vitro with irradiated syngeneic splenocytes that were infected with A/Japan/57 influenza and cultured in Iscove's complete medium supplemented with 10 U/ml IL-2. On day 5 after in vitro stimulation, T cells were used in assays with target cells infected with A/Japan/57 influenza (for 30 minutes and washed) or loaded with synthetic peptide representing the 210-219 epitope of the A/Japan/57 HA (10) . In some experiments, anti-IFN-γ mAb (R&D, Minneapolis, Minnesota, USA) was added to wells at a final concentration of 5 µg/ml, or anti-TNF-α Ab (Genzyme, Boston, Massachusetts, USA) was added at a final dilution of 1:100. For stimulation in the absence of antigen-presenting cells, plates were coated with anti-CD3 (PharMingen, San Diego, California, USA) for 1 hour and rinsed before addition of T cells, or T cells were stimulated by phorbol ester (PDB; Sigma, St. Louis, Missouri, USA) and ionomycin (Sigma).
Alveolar epithelial-derived cells. MLE-15 cells (10) were transfected with the class I MHC molecule, K d (11) . For analysis of chemokine expression, 2 × 10 6 MLE-K d cells were plated in 24-well plates and allowed to adhere overnight. The next day, peptide (where appropriate) and T cells were added to the culture. After incubation for a specified period, the supernatants (and nonadherent cells) were removed, centrifuged, and the cells were collected. Trypsin/EDTA was added to the remaining (adherent) cells, and these were removed, centrifuged, the cells collected, and combined with the nonadherent cells for total RNA extraction with Trizol (Life Technologies, Rockville, Maryland, USA). RNase protection assays were performed using probes for a panel of chemokine messages (PharMingen) in accordance with the manufacturer's instructions. In most experiments 32 P-labeled probes were used. In several experiments digoxigenin-labeled probes were used, followed by membrane transfer and blotting with peroxidase-coupled antidigoxigenin Ab's (Roche, Indianapolis, Indiana, USA). For effector/target-cell separation, anti-CD8-coupled magnetic beads were used (Dynal, Lake Success, New York, USA) in accordance with the manufacturer's instructions. After 4 hours of incubation, supernatants were removed, and the adherent cells were rinsed twice with media before the addition of trypsin/EDTA. The cells were removed and incubated with the beads for 15 minutes, and the beads were removed. All experimental samples were subject to two rounds of magnetic bead separation in order to remove all contaminating T cells from the epithelial cell sample.
Adoptive transfer. HA-transgenic mice (H-2 d ) expressing the A/Japan/57 influenza HA under the transcriptional control of the surfactant protein C (SPC) promoter were used for in vivo studies (10) . Transgene-negative littermates were used as control recipients in all experiments. Animals subject to adoptive transfer were used at 10-12 weeks of age (18-22 g ). Mice deficient in TNF receptor-1 (TNF-R1) expression (p55 -/-) were obtained from the Jackson Laboratories (Bar Harbor, Maine, USA) and were bred to express the HA transgene for some experiments. The offspring were screened for the H-2 d haplotype (by flow cytometry) and the HA transgene (by PCR) as described (10) , as well as for the TNF-R1-deficient genotype by three-primer PCR (23) . On day 5 after stimulation, CD8 + T cell clones were separated from stimulators by density-gradient centrifugation and injected into the tail vein of appropriate recipient animals. In some experiments animals received Ab to MCP-1 (PharMingen) or isotype control by tail vein injection at the time of T cell transfer. Lungs were harvested at appropriate times for histology or homogenized in Trizol (Life Technologies Inc.), after which the RNA was extracted for analysis.
Histology and in situ hybridization. At appropriate times after adoptive transfer, animals were sacrificed, their trachea exposed, and their airways perfused with 50% embedding media (Fisher Scientific Co., Pittsburgh, Pennsylvania, USA) in PBS at a pressure of 25 cm H 2 O; the lungs were excised and snap-frozen. Sections were cut and stained with hematoxylin-eosin (H&E) or with peroxidase-labeled Ab to a macrophage marker (F4/80; Caltag Laboratories, Burlingame, California, USA) and counterstained with hematoxylin. Semiquantitative histologic analysis was performed by averaging the total cell counts in five high-power fields (hpf's) under oil immersion (×100) from each of two animals (in each group). For in situ hybridization, lungs were perfused through the trachea with 10% formalin. Tritiated ribo-probes were prepared as described previously (10) using an MCP-1 cDNA (kindly provided by Barrett Rollins, Dana Farber Cancer Institute, Boston, Massachusetts, USA). In situ hybridization was performed with a 2-to-4-week exposure before analysis, as described (10) .
ELISA. MLE-K d cells (2 × 10 6 ) were plated in 6-well plates with equal numbers of CD8 + T cells and incubated in 0.5 ml media. Supernatants were removed and assays for MCP-1 and TNF-α were performed using a sandwich ELISA (PharMingen) in accordance with the manufacturer's instructions. The matrix metalloproteinase inhibitor KB8301 (PharMingen) was added at a final concentration of 5 µM to appropriate wells for the duration of the incubation period.
Statistical analysis. Significant differences were determined by Student's unpaired t test or through one-way ANOVA.
Results

CD8 + T cell recognition of an alveolar epithelial antigen leads
to chemokine expression in the lung. CD8 + T lymphocytes are found in the alveolar walls and spaces in a variety of inflammatory lung diseases, often in association with other inflammatory cells such as neutrophils and macrophages (4, 5, 8, 9) . Using a murine model of interstitial pneumonitis, we have shown previously that CD8 + T cell recognition of a specific antigen expressed on alveolar epithelial cells is sufficient to induce progressive and, ultimately, lethal lung injury, the time course of which is dependent upon cell dose (11) . Although specific recognition by CD8 + T cells is required to initiate pneumonitis, the inexorable progression of lung injury in HA-transgenic mice is characterized primarily by the dramatic accumulation of host inflammatory cells in the lung parenchyma, particularly macrophages, as shown in Figure 1 . Sections of lung tissue harvested from SPC-HA-transgenic mice 5 days after transfer of clone CD8 + T cell 40-2 exhibited marked interstitial inflammatory infiltration predominantly by macrophages, as indicated by immunoperoxidase staining with a macrophage-specific mAb. Other cells recruited into the interstitium 3 to 5 days after CD8 + T cell transfer include host CD8 + and CD4 + lymphocytes and, to a lesser extent, neutrophils (data not shown). Such infiltration was not observed in nontransgenic recipients, whose lung parenchyma appears nearly normal by comparison after adoptive transfer of clone 40-2. This phenomenon was observed after transfer of other CD8 + T cell clones, as well as after transfer of short-term bulk cultures of HA-specific cytotoxic T lymphocytes (11) . The dramatic inflammatory infiltration observed in the HA-transgenic animals correlates with significant pulmonary function abnormalities, such as reduced lung volume and diffusing capacity, as well as eventual death. Since the inflammatory influx occurs only in the transgenic animals and the expression of the transgene is limited to alveolar epithelial cells (10), we hypothesize that soluble factors, such as chemokines, are produced at the epithelial surface as a direct result of T cell receptor (TCR) engagement of peptide/MHC complex on the alveolar cell. These chemokines may contribute to the recruitment of inflammatory cells into the lung parenchyma, which considerably amplifies the injury. Soluble factors may be produced by the T cells or the epithelial target cells (or both) upon TCR engagement. As shown in Figure 2 , whole-lung homogenates demonstrate expression of several chemokine mRNA species as early as 6 hours after adoptive transfer of CD8 + T cells, including lymphotactin (Ltn), RANTES, MIP-1β, MIP-1α, MIP-2, IFN-γ-inducible protein 10 (IP-10), and MCP-1 messages, to varying degrees. The largest band represents MCP-1 mRNA, expression of which appeared to decline somewhat by 72 hours after cell transfer. In contrast, RANTES, MIP-1α, and MIP-1β appeared to increase slightly over time. There were faint bands in the nontransgenic control lungs, most evident at the earliest time point (6 hours) and diminishing considerably by 24 hours after cell transfer. One or more of these chemokine messages may result in translation products that are responsible for, or con- tribute to, the inflammatory infiltrates observed in transgenic mice after T cell transfer.
CD8 + T cell recognition of alveolar epithelial-derived cells in vitro triggers chemokine expression in a peptide-dependent manner.
To further analyze chemokine expression occurring directly as a result of T cell recognition of epithelial cells, we took advantage of an in vitro system developed to study T lymphocyte cytotoxicity of alveolar epithelial cells (11, 12) . The MLE-K d cell is a type II alveolar epithelial cell line (24) transfected with the cDNA for the class I MHC molecule K d , which we and others have demonstrated to be an excellent model of primary type II pneumocytes (12, 24, 25) . We showed previously that recognition of influenza HA peptide antigens on this epithelial cell by K d -restricted CD8 + T cells in vitro results in considerable epithelial cytolysis after influenza infection or exogenous peptide loading, to a similar degree with each. However, this was observed at effector-to-target (E:T) ratios that appear to be nonphysiologic (11) ; therefore, the in vivo relevance of this is still under investigation. However, in order to ask whether CD8 + T cell recognition of alveolar epithelial cells might result in expression of proinflammatory chemokines in a pattern similar to that observed in vivo, we performed RNase protection assays on RNA extracts from mixed cultures, coincubated for 4 hours. As shown in Figure 3 , RNA extracted from MLE-K d cells and CD8 + T cells (clone 40-2), cultured together in the presence of peptide antigen, demonstrated expression of several chemokine genes, including Ltn, RANTES, MIP-1β, MIP-1α, and MCP-1, as well as faint expression of MIP-2 and IP-10. Expression was dependent upon peptide dose: a signal was evident at concentrations as low as 10 -10 M, but lost at 10 -12 M, peptide concentration, except for faint levels of RANTES and MIP-1β message.
Labeled CD8 + T cells traffic into the lung parenchyma as early as 3 hours after adoptive transfer and become undetectable by approximately 48 hours thereafter (R.I. Enelow et al., unpublished observations). The inflammatory influx is minimal at this time point but becomes exuberant by 72 to 96 hours after T cell transfer (11) . Therefore, it was of particular interest to investigate whether another cellular source of the chemoattractant signals, other than the transferred CD8 + T lymphocyte, might contribute to the inflammatory infiltration. The alveolar epithelial cell target cell represents an important candidate, since it is the first cell encountered by the activated T cell in an antigen-specific fashion (the early contribution of endothelial cells cannot be formally excluded, although in the absence of epithelial transgene expression lung infiltration and injury is not observed). To assess the pattern of alveolar cell chemokine expression in the absence of T cells, soluble TNF-α was used to stimulate MLE-K d cells in vitro, and RNA was extracted at several time points. As shown in Figure 4 , RNase protection assays indicate that RANTES, MIP-2, and MCP-1 expression was induced by TNF-α treatment of MLE-K d cells, consistent with observations of others (16) (17) (18) . The dose used was saturating (12), so it is unclear whether such expression might occur under physiologic conditions. It is also not clear that these cells would represent the exclusive source of these chemokine species in the context of a T cell-alveolar cell interaction in vivo.
To ask whether the CD8 + T cells themselves are capable of expressing RANTES, MIP-2, or MCP-1, T cell
R52
The clones were triggered in the absence of antigen-presenting cells, with either PDB plus ionomycin, or with varying concentrations of plate-bound anti-CD3. As shown in Figure 5 , CD8 + T cells predominantly expressed message for Ltn, MIP-1α, and MIP-1β upon maximal stimulation. Low levels of T cell activation gene-3 (TCA-3), RANTES, and IP-10 were expressed, the latter two constitutively (particularly RANTES). However, no expression of MIP-2 or MCP-1 was observed, even after significant overexposure of the gel. Taken together, the data from these two experiments strongly suggest that the sole source of MIP-2 and MCP-1 expression, triggered by specific CD8 + T cell recognition of alveolar cells, are the alveolar epithelial target cells. Though this does not demonstrate directly target-cell expression triggered by T cell recognition, it does suggest that there may be a contribution of both the T cells and the epithelial target cells to the chemokine milieu of the lung parenchyma that results from CD8 + T cell recognition and that both are dependent on specific TCR engagement of epithelialcell peptide/MHC complexes. TCR engagement triggers target-cell chemokine expression, which is mediated by TNF-α. It has been observed previously that epithelial cells are capable of expressing a variety of inflammatory mediators upon incubation with soluble factors such as TNF-α or IL-1, and our data are consistent with this. However, target-cell cytokine or chemokine expression has not been examined in response to specific T cell recognition. Furthermore, the canonical fate of a virus-infected (or peptidetreated) target cell upon specific recognition by cytolytic T lymphocytes is apoptotic cell death (26) (27) (28) , which would theoretically preclude transcriptional activity. However, it has become apparent in recent years that the in vivo susceptibility of target cells to T cell-mediated cytolysis may be a more complex and regulated process than presumed since the identification of cellular regulators of protection against perforin/granzyme-mediated cytotoxicity (29) (30) (31) and TNF-mediated cytotoxicity (32) . Furthermore, whether or not target-cell recognition results in apoptosis or activation upon recognition by CD8 + T cells, there is also the possibility that bystander activation might result in peptide-dependent T cell-triggered epithelial chemokine expression. To directly assess the transcriptional contribution of epithelial target cells to the inflammatory milieu triggered by T cell recognition, we incubated MLE-K d cells with CD8 + T cells for 4 hours, and then separated the two cell populations using anti-CD8 coupled to magnetic beads. As demonstrated in Figure 6 , MCP-1 and MIP-2 expression was evident exclusively in the target-cell fraction, whereas MIP-1α and Ltn expression was found exclusively in the T cell fraction. RANTES and MIP1-β were most abundantly expressed in the T cell fraction, but there was trace expression in the target-cell fraction (possibly due to contamination). There was no difference in expression between peptide-loaded or influenza-infected target cells. Furthermore, anti-TNF-α ablated target-cell MCP-1 and MIP-2 expression, whereas there was no such effect on T cell chemokine expression. gers induction of alveolar cell chemokine message expression, mediated by TNF-α, which may play an important role in the amplification of T cell-mediated lung inflammation. MCP-1 expression, in particular, may contribute to lung injury initiated by CD8 + T cells in our in vivo system, since the inflammatory infiltrates consist predominantly of macrophages and, to a lesser extent, lymphocytes, both of which may be recruited in response to MCP-1 expression (20, 21, 33) .
To confirm that alveolar epithelial cells express MCP-1 in vivo in response to specific CD8 + T cell recognition, in situ hybridization was performed on sections of lung harvested from SPC-HA-transgenic (and nontransgenic) recipients of adoptive transfer of CD8 + clone 40-2. As shown in Figure 7 , sections taken from HA + animals 24 hours after adoptive transfer of CD8 + T cells demonstrate expression of MCP-1 message, particularly near the junctions of alveolar septae, in a pattern similar to that of HA expression described previously (10) . No such expression was evident in lungs taken from nontransgenic control recipients. Expression in HA + recipients was evident as early as 3 hours after CD8 + T cell transfer (not shown). We have observed previously that the lung parenchyma is histologically unremarkable 24 hours after adoptive transfer, and the only inflammatory cells that are detectable at this time point are the transferred CD8 + T cells (if they are fluorescent labeled), which are observable in the alveolar interstitium at the junctions of the septae (11) .
Cytokine and chemokine protein expression are regulated by a variety of factors aside from message level, such as mRNA stability (34) . We therefore assayed MCP-1 protein production and secretion triggered by CD8 + T cell recognition using ELISA. As demonstrated in Figure 8 , MCP-1 protein was evident in cocultures of MLE-K d cells and CD8 + T cells (40-2) as early as 2 hours after the start of incubation, but only in the presence of peptide. Furthermore, this expression was completely inhibited by anti-TNF-α (and by soluble TNF receptor-1 [TNFR-1]; not shown). MCP-1 production was not detectable in supernatants from T cells stimulated with anti-CD3 for 6 hours (not shown).
The most likely explanation for this phenomenon is that specific recognition of antigen on an epithelial cell by a CD8 + T cell results in apoptosis of the recognized target cell (via perforin or membrane-bound TNF-α), as well as secretion of soluble TNF-α by the T cells (by enzymatic cleavage of transmembrane TNF-α). Soluble TNF-α may in turn trigger the remaining target cells to express MCP-1. However, an additional mechanism might involve the direct induction of MCP-1 expression by the target cells that are specifically recognized, possibly because the threshold for induction of target-cell chemokine expression is lower than the threshold for induction of cell death. To address the issue of whether transmembrane TNF-α on a CD8 + T cell, in the absence of soluble TNF-α, may trigger MCP-1 expression by alveolar epithelial target cells, T cells (clone 40-2) were treated with the matrix metalloproteinase inhibitor KB8301, which blocks proteolytic processing of membrane-bound TNF-α to its soluble form (35) (36) (37) . As shown in Table  1 , KB8301 inhibition of production of soluble TNF-α by 40-2 is extremely efficient, such that the amount of soluble TNF-α produced after 6 hours of incubation with peptide-treated MLE-K d cells was below the limits of detection of a very sensitive ELISA. Nevertheless, the amount of MCP-1 produced in the cultures was considerable, though lower than that produced in the absence of KB8301 (P < 0.05). To rule out the possibility that small amounts of soluble TNF-α (below the limits of ELISA detection) may have been produced in the presence of KB8301 in a quantity suf-
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Table 1
Metalloproteinase inhibition completely inhibits soluble TNF-α production but minimally abrogates target-cell MCP-1 production triggered by T cell recognition
+KB8301 -KB8301
TNF-α (pg/ml) ND 144.4 ± 10.8 MCP-1 (pg/ml) 320.2 ± 13.4 438.7 ± 24.6 A A P < 0.05. ND, none detected.
ficient to induce production of MCP-1, the supernatant from that culture was removed and added to a fresh culture of MLE-K d cells. No additional MCP-1 production was observed after another 6-hour incubation; i.e., the level was the same as in the initial supernatant (not shown). A further control for the efficiency of the metalloproteinase inhibitor was accomplished by stimulating CD8 + T cells (40-2) with plate-bound anti-CD3 for 6 hours in the absence of antigen-presenting cells. Soluble TNF-α was undetectable in the presence of the inhibitor (though very abundant in its absence), and when MLE-K d cells were incubated in these supernatants, no MCP-1 production was detectable after 6 hours (not shown). These data would suggest that specific recognition by CD8 + T cells might induce expression of MCP-1, both by production of soluble TNF-α, which activates bystander target cells, and by induction of expression in epithelial targets by membrane-bound TNF-α. The latter appears to play a predominant role in target-cell activation, though the relative contribution of each mechanism in vivo is still under investigation.
Lung MCP-1 expression in vivo is critically dependent upon TNFR-1 expression and is a primary determinant of T cell-triggered inflammatory infiltration.
We have demonstrated previously that TNF-α plays an important role in CD8 + T cell-mediated lung injury in vivo (12) , and our data indicate that TNF-α is the central mediator of T cell-triggered alveolar epithelial-cell chemokine expression in vitro. To determine the significance of TNF-α on T cell-triggered chemokine expression in vivo, adoptive transfer of CD8 + T cells was performed into HA-transgenic mice that were deficient in TNFR-1 expression (p55 -/-). Absence of the p55 receptor significantly reduces lung injury triggered by T cell recognition (R.I. Enelow, et al., unpublished observations). Lungs were harvested 24 hours after transfer, and RNase protection assays were performed, then compared with HA-transgenic recipients with wild-type p55 expression. As shown in Figure  9 , deficiency in p55-receptor expression ablates MCP-1 expression at 24 hours after cell transfer in wholelung homogenates, confirming the central role of TNF-α in T cell-triggered epithelial cell MCP-1 expression in vivo. IP-10 expression was unaffected by the absence of the p55 TNF receptor, consistent with data implicating IFN-γ as the primary inducer of its expression (38) .
To isolate the specific contribution of alveolar epithelial-cell activation to the inflammatory infiltration that ensues after T cell transfer, SPC-HA-transgenic animals were simultaneously injected with Ab to MCP-1 (or isotype control) at the time of adoptive transfer, and lungs were harvested at 96 hours for histologic analysis. As shown in Figure 10 , lungs harvested from recipients of Ab to MCP-1 demonstrated reduced parenchymal cellular infiltration compared with recipients of control Ab, which was statistically significant by semiquantitative analysis (Figure 11 ensues after CD8 + T cell recognition of an antigen presented by the alveolar cell.
Discussion
Cytolytic CD8 + T cells represent an important arm of the adaptive immune response to virus infection, although T cell-mediated virus clearance may be associated with significant tissue injury (39) (40) (41) (42) (45, 46) . Although specific CD8 + T cell recognition of a virus-infected target cell may result in apoptotic death of the infected cell, the complexity of factors that influence susceptibility to cytolysis are being increasingly appreciated (29) (30) (31) 40) . In addition, ample evidence exists to indicate that numerous soluble factors may trigger the expression of a variety of inflammatory mediators by respiratory epithelial cells. However, the specific contribution of lung epithelial cells to the inflammatory milieu that evolves in the context of an immune response to a respiratory virus infection has been difficult to assess because of the complicating effects of virus infection on epithelial cell activities. In this study, we have shown that specific CD8 + T cell recognition of alveolar epithelial cells, in the absence of virus infection, may induce alveolar cell expression of a variety of inflammatory mediators, in vitro and in vivo. The T cell may also produce soluble inflammatory mediators upon specific antigen recognition, and it is possible that both sources of chemokines contribute to the milieu that leads to parenchymal infiltration of host inflammatory cells and the resultant respiratory physiologic impairment. Alveolar epithelial target cells may be important participants in lung injury resulting from CD8 + T cell recognition, since significant macrophage accumulation occurs
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Figure 9
TNF-R1 (p55) is required for in vivo expression of MCP-1 triggered by CD8 + T cell recognition. RNase protection assays were performed on RNA extracted from whole-lung homogenates after adoptive transfer of 5 × 10 6 CD8 + T cell clone 40-2. SPC-HA-transgenic animals were bred into the TNF-R1-deficient (p55 -/-) background and compared with wildtype HA + littermates. Lungs were harvested 24 hours after adoptive transfer and assayed for chemokine expression. MCP-1 expression was absent in the HA + p55 -/-recipients but present in the HA + p55 +/+ animals. IP-10 expression was similar in both. approximately 72-96 hours after transfer, whereas the transferred CD8 + T cells become essentially undetectable in the lungs after approximately 48 hours (R.I. Enelow, et al., unpublished) . Furthermore, CD8 + T cell transfer appears to induce a similar degree of respiratory dysfunction in severe combined immune-deficiency (SCID) mice that express the HA transgene, an argument against a critical role of the host lymphocyte component of the parenchymal infiltration (R.I. Enelow, et al., unpublished observations).
Chemokines are a large family of chemoattractant cytokines that play a major role in the orchestration and amplification of acute and chronic inflammatory processes, particularly in the lung (47) (48) (49) (50) (51) . The induction of chemokine expression by alveolar epithelial cells appears to be mediated primarily by TNF-α expressed by the CD8 + T cell, a mediator not commonly associated with T cell effector activity.
(The results presented in this study have been corroborated with several distinct CD8 + T cell clones, indicating that the phenomena described are not unique to one clone). The activation of alveolar epithelium that occurs as a result of specific CD8 + T cell recognition may reflect either a population effect or an effect of epithelial cells as individual responders to TCR engagement (or both). There are two potential mechanisms that might account for MCP-1 production by alveolar epithelial cells upon specific T cell recognition that are not mutually exclusive. The first involves the direct cytolysis of those target cells whose MHC/peptide complexes engage TCR (by either perforin or membrane-bound TNF-α) with associated antigen-dependent T cell production of soluble TNF-α. The soluble TNF-α produced might therefore lead to the induction of bystander MCP-1 expression by other target cells, which stochastically did not engage the TCR of a lymphocyte and did not undergo apoptosis. The second possibility involves the direct ligation of TCR and TNF receptor(s) on an individual target cell, the result of which may be activation of the engaged target and induction of chemokine expression in the target cell. A critical corollary to this hypothesis is that there may be interactions between cytolytic T cells and target cells that may be below threshold for induction of target-cell death, but above threshold for induction of transcriptional activation. The fact that induction of chemokine expression could occur in a target cell expressing MHC/peptide complexes that have been engaged by a TCR of a cytolytic CD8 + T cell suggests that a perforin/granzyme system may sometimes be quantitatively or qualitatively insufficient to induce cytolysis or that other factors may influence target-cell susceptibility to cytotoxicity. Similarly, the threshold for induction of chemokine expression by transmembrane TNF-α may be lower than the threshold for induction of apoptosis. The identification of cellular regulators of protection against perforin/granzyme-mediated cytotoxicity (29) (30) (31) and TNF-mediated apoptosis (32) suggest potential mechanisms by which regulation of in vivo susceptibility of target cells to T cell-mediated cytolysis might occur.
It is likely that multiple mechanisms account for the activation of epithelial cells as a population, in response to specific CD8 + T cell recognition, the net result of which is the production of chemokines by the alveolar cells, which may in turn amplify inflammatory responses in the lung. In our adoptive transfer model, this may contribute to the recruitment of host inflammatory cells, particularly macrophages, into the lung parenchyma, the infiltration of which strongly correlates with the physiologic dysfunction associated with interstitial pneumonitis, i.e., restrictive mechanics and diminished diffusing capacity (11) . The data in this study suggest that alveolar epithelial cells may be active participants in the inflammation and injury associated with CD8 + T cell recognition of alveolar antigens in the lung, irrespective of the influence of virus infection. Furthermore, apoptotic target-cell death is not a necessary outcome of CD8 + cytolytic T cell antigen recognition, which may instead (or in addition) lead to inflammatory activation of the cell being recognized. Support of the Beirne B. Carter Foundation, the American Lung Association of Virginia, and the Cardiovascular Research Center at the University of Virginia is gratefully acknowledged. We thank Thomas J. Braciale for critical review of the manuscript.
